Nisin is a 3.4-kDa antimicrobial peptide that, as a result of posttranslational modifications, contains unsaturated amino acids and lanthionine residues. It is applied as a preservative in various food products. The solubility and stability of nisin and nisin mutants have been studied. It is demonstrated that nisin mutants can be produced with improved functional properties. The solubility of nisin A is highest at low pH values and gradually decreases by almost 2 orders of magnitude when the pH of the solution exceeds a value of 7. At low pH, nisin Z exhibits a decreased solubility relative to that of nisin A; at neutral and higher pH values, the solubilities of both variants are comparable. Two mutants of nisin Z, which contain lysyl residues at positions 27 and 31, respectively, instead of Asn-27 and His-31, were produced with the aim of reaching higher solubility at neutral pH. Both mutants were purified to homogeneity, and their structures were confirmed by one-and two-dimensional
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H nuclear magnetic resonance. Their antimicrobial activities were found to be similar to that of nisin Z, whereas their solubilities at pH 7 increased by factors of 4 and 7, respectively. The chemical stability of nisin A was studied in the pH range of 2 to 8 and at 20, 37, and 75؇C. Optimal stability was observed at pH 3.0. Nisin Z showed a behavior similar to that of nisin A. A mutant containing dehydrobutyrine at position 5 instead of dehydroalanine had lower activity but was significantly more resistant to acid-catalyzed chemical degradation than wild-type nisin Z.
Several Lactococcus lactis strains are able to produce nisin, an antimicrobial peptide that can inhibit the growth of a wide range of gram-positive bacteria and therefore is used as a preservative in various food products (3, 4) . Nisin is a 34-residue-long lantibiotic that contains the unusual amino acid residues dehydrobutyrine (Dhb), dehydroalanine (Dha), lanthionine, and ␤-methyl lanthionine. The thio-ether bridges of the lanthionines form five ring-like structures in the nisin molecule ( Fig. 1) . From the primary and tertiary structure of nisin, it can be inferred that the molecule has an amphiphilic character (16, 25) . The N-terminal part contains a relatively high number of hydrophobic residues. The C-terminal part is more hydrophilic, containing positively charged side chains of lysine and histidine residues. An additional molecular characteristic of nisin is the absence of residues with negatively charged side chains. This implies that nisin will be positively charged over a wide pH range. At neutral pH, its charge will be reduced by the deprotonation of the histidines, but above pH 7, it will retain a net positive charge because of the high pK values of the lysine residues.
The spatial structure of nisin A in aqueous solution has been determined by nuclear magnetic resonance (NMR) techniques (16, 25) . The molecule exhibits a reasonably well-defined structure within the rings formed by the lanthionines. The part of the polypeptide chain connecting rings 3 and 4 and the Cterminal part following ring 5 show an appreciable degree of flexibility.
It has been demonstrated that nisin exhibits the highest solubility and stability at low pH (10) . Loss of nisin activity during storage has been reported for several food products (3, 4) . However, few systematic studies of nisin A concerning its functional properties such as solubility and chemical stability have been reported (17) . A number of degradation products of nisin A have been described (2, 16, 20) . In all cases, Dha residues were involved, indicating that the integrity of this unsaturated amino acid is an important factor with respect to the chemical stability of nisin. In particular, modification of Dha at position 5 (Dha5) leads to a severe loss of biological activity. At low pH, the addition of a water molecule to the double bond of Dha can occur, ultimately resulting in the formation of the corresponding amide and keto acid (8) . By this mechanism, the polypeptide chain can be cleaved in the first ring at position 5 and/or in the C-terminal part at position 33. In the alkaline pH region, the addition of nucleophiles to the double bond of the unsaturated amino acids can occur, leading to polymerization due to intermolecular reactions (17) .
Two natural variants of nisin are known: nisin A (9), the first nisin variant characterized, and nisin Z, which has been reported more recently (18) . Nisin A and nisin Z differ by a single amino acid substitution at position 27, being His in nisin A and Asn in nisin Z, and are equally distributed among nisin-producing L. lactis strains (5) . Recently, expression systems for mutated nisin genes have been developed with L. lactis as a host (14, 15) . Site-directed mutagenesis of the nisin structural genes allows the construction and production of various mutant nisins to study the relation between structure and biological activity and to alter functional properties such as solubility and chemical stability. This paper presents a detailed study of the solubility and chemical stability of nisin A and nisin Z and describes a number of nisin Z mutants with improved functional properties. The results demonstrate that introduction of lysine residues in nisin considerably enhances its solubility in the neutral pH range and that introduction of a Dhb residue at position 5 results in improved resistance against acid-catalyzed conversion of this unsaturated residue into the corresponding amide and keto acid.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. Escherichia coli MC1061 (1) was used as a recipient strain in cloning experiments. The L. lactis strain used for expression of mutant nisins was NZ9700 (12) ; it carries the nisin-sucrose transposon Tn5276 (19) . Plasmid vectors used for the cloning experiments were pNZ9013 and pNZ9019 (14, 15 (6) . For large-scale production, 3% sucrose instead of 1% sucrose was added. When appropriate, media were supplemented with 10 g of chloramphenicol per ml for both E. coli and L. lactis.
DNA manipulations. Plasmid isolations from E. coli and transformations of E. coli strains were carried out by established procedures (21) . Plasmid DNA from lactococcal cells was isolated as described previously (26) . DNA was transformed into L. lactis by means of electroporation essentially as described previously (26) . Restriction enzymes, T4 DNA ligase, and other DNA-modifying enzymes were purchased from New England Biolabs, Inc. (Beverly, Mass.), or Promega Corporation (Madison, Wis.) and used as recommended by the manufacturers. Oligonucleotides used as primers in sequencing and PCRs were synthesized in a Cyclone DNA synthesizer (Biosearch, San Rafael, Calif.).
Site-directed mutagenesis of the nisZ gene and DNA sequence analysis. Sequences of the primers used for PCR and site-directed mutagenesis are as follows: 5Ј-GATTAAATTCTGCAGTTTGTTAG-3Ј (PstI), 5Ј-CCCTAAAAAG CTTATAAAAATAGG-3Ј (HindIII), 5Ј-GCTTACGTGTATACTACATTTAC ATGTTG-3Ј (N27K and AflIII), 5Ј-CAGCAACATGTATTTGTAGTATTAAA GTAAGCAAAT-3Ј (H31K and AflIII), and 5Ј-GCATTACAAGTATTACACT ATGTACACCCGG-3Ј (S5T). (Sites of nucleotide substitutions are underlined; mutations and restriction sites that were introduced are indicated in parentheses.) Site-directed mutagenesis was performed as described before (13) . Sequencing of purified DNA fragments was performed by the dideoxy chain termination method (22) .
Production, purification, and characterization of nisin species. Nisin A was purified by preparative reversed-phase high-performance liquid chromatography (RP-HPLC) either with a nisin-enriched fraction prepared from Nisaplin (nisin A content, 2.5% [wt/wt]; Aplin & Barrett) or with a relatively pure nisin preparation (NBS Biologicals). The nisin-enriched fraction from Nisaplin was prepared by the following procedure. To 20 g of Nisaplin, 250 ml of H 2 O was added, the pH was adjusted to 2.0 with HCl, and undissolved material was removed by centrifugation. To the supernatant, NaCl was added to 1.5 M, and the pH was adjusted to 6.3 with NaOH. The precipitated material was centrifuged off and dissolved in 0.05% acetic acid. Wild-type nisin Z and mutants of nisin Z were produced by batch fermentations as described previously (14) . Nisin species were purified by chromatography on Fractogel TSK butyl 650-S followed by RP-HPLC as described before (14) . All nisin species were checked for purity by analytical RP-HPLC and 1 H NMR. Structures of nisin Z mutants were analyzed by twodimensional NMR (2D-NMR) techniques essentially as described previously (14) .
Solubility studies. A concentrated solution of pure nisin (50 to 5 mg/ml, depending on ionic strength) was prepared in a 0.01 M HCl solution of pH 2.0. The pH was increased gradually by the addition of 0.1 M NaOH solution until the appearance of a precipitate. The sample was equilibrated for 30 min under continuous stirring, and the precipitate was removed by centrifugation (3 min, 15,000 ϫ g). The pH of the supernatant was measured, and the concentration of the saturated nisin solution was determined spectrophotometrically at 220 nm. This procedure was repeated until completion of the solubility versus pH curve (maximum pH, 8.0). All experiments were performed at room temperature (20 Ϯ 2ЊC). The absorptivities of the different nisin species were determined as follows. Pure nisin was dissolved in D 2 O (1 to 5 mg/ml). The protein concentration was determined by 1 H NMR with 3-(trimethylsilyl)-propionic 2,2,3,3,-d 4 acid and 2,2,2-trifluoroethanol as reference substances. After appropriate dilution in aqueous 0.05% acetic acid, the A 220 of the samples was measured with a Cary 1E (Varian) spectrophotometer. The values found for the absorptivity at 220 nm (A 220 ) were 18, 16, 16, 14, and 17 ml ⅐ mg Ϫ1 ⅐ cm Ϫ1 for nisin A, nisin Z, N27K nisin Z, H31K nisin Z, and Dha5Dhb nisin Z, respectively.
Chemical stability. Nisin solutions (0.05 mg of pure nisin per ml) were prepared at pH 2, 3, 4, 5, 6, 7, and 8. At pH 2 and 3, no buffers were used. At pH 4 and 5, 20 mM sodium acetate was used. In the pH range of 6 to 8, 20 mM sodium phosphate was used. All solutions contained 0.1 M NaCl and 0.02% NaN 3 . The samples were incubated at different temperatures. At regular time intervals, samples were taken and the nisin content was determined by RP-HPLC. The incubated samples were also assayed for biological activity against Micrococcus flavus DSM1790 at the end of the incubation period or earlier in case a significant decrease in nisin content was expected.
HPLC experiments. RP-HPLC was carried out with a system consisting of a Gilson 231 sample injector, two Waters 510 pumps, a Waters TCM column oven, and a Separations model 759A variable-wavelength detector. Waters Maxima 820 software was used for gradient control and data acquisition. Hi-Pore RP318 (Bio-Rad) columns were used (250 by 4.6 mm for analytical runs [flow rate, 1 ml/min] and 250 by 21.5 mm for preparative runs [flow rate 10 ml/min]). In all experiments, the columns were kept at a constant temperature of 30ЊC. The elution buffers consisted of 10% aqueous acetonitrile-0.1% trifluoroacetic acid (buffer A), and 90% aqueous acetonitrile-0.08% trifluoroacetic acid (buffer B). A typical gradient used in analytical runs was from 15% to 30% buffer B, linear in 60 min. Peak detection was at 220 nm.
NMR experiments.
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H NMR spectra were recorded on a Bruker AM400 spectrometer operating at 400.13 MHz. The samples for NMR contained approximately 3 mM nisin in 10% D 2 O-90% H 2 O (pH 3.5). All spectra were recorded at 25ЊC. The solvent resonance was suppressed by low-power preirradiation. 3-(Trimethylsilyl)-propionic 2,2,3,3,-d 4 acid was used as a reference for the spectra. Nisin Z mutants were characterized by 2D-NMR techniques as described previously (14) .
Biological activity. Antimicrobial activities of (mutant) nisin Z species were determined as MIC values against the indicator strains M. flavus DSM 1790, Streptococcus thermophilus R s , and L. lactis MG1614 (7) as described before (14) for the first two species. L. lactis was grown in M17 medium supplemented with 0.5% glucose at 30ЊC, with an initial A 600 of 0.025, and outgrowth was measured when the culture without nisin had reached an A 600 of 0.8. In the chemical stability studies, the decrease in biological activity was monitored by an agar diffusion assay with M. flavus DSM 1790 as the indicator organism (24) . In this case, MIC values were determined from dilution series (five concentrations; dilution factor, 1.8) by extrapolation to zero halo. The pH of the medium for the agar plates was adjusted to 7.0. The nisin samples were diluted in 0.05 M phosphate buffer (pH 7.0).
RESULTS AND DISCUSSION
Characterization of nisin mutants. Two nisin Z mutants, N27K nisin Z and H31K nisin Z, were constructed with the aim to improve the solubility at elevated pH values. The mutant Dha5Dhb nisin Z described previously (14) was expected to exhibit enhanced chemical stability. N27K nisin Z and H31K nisin Z were characterized by 2D-NMR techniques to confirm the mutation and the completion of the posttranslational modifications. Both mutant nisins were found to be fully modified and processed. Apart from the mutated residue, the NMR data did not provide any indication of major structural differences as compared with nisin Z. The biological activity of the mutant nisins is shown in Table 1 . N27K nisin Z and H31K nisin Z show a biological activity very similar to that of nisin Z, whereas Dha5Dhb nisin Z shows a reduced activity.
Solubility of nisin A. With respect to practical applications, an important functional property of nisin is its solubility. For this reason, it is useful to have data for a wide range of experimental conditions. It has been reported that the solubility of nisin depends strongly on the pH and buffer concentration used (10, 17) , but there are no systematic studies covering a broad range of experimental conditions. We have determined the solubility of nisin A in a wide pH range (i.e., 2 to 8) and ionic strength range (0 to 1.5 M NaCl). Figure 2 shows the pH dependence of the solubility of nisin A at various ionic strengths. At low pH and low ionic strength ( approximately   FIG. 1 . Schematic representation of the structure of nisin Z. In nisin A, Asn-27 is replaced by His. Arrows indicate the amino acid replacements for the mutants described in this study.
0.01 M NaCl), the solubility exceeds 40 mg/ml. In the pH range studied, the solubility continuously decreases with increasing pH and shows a greater-than-10-fold reduction when the pH is increased from 3.0 to 7.0. At all pH values, a strong effect of ionic strength is observed. At NaCl concentrations above 1 M, the pH dependence nearly vanishes and the solubility drops far below 1 mg/ml in the whole pH range. The values found for the solubility in our study seem to be lower than those cited in some reviews (10, 11) , but there is a reasonable agreement between them and the data of Liu and Hansen (17) . The strong influence of ionic strength on the solubility demonstrates that electrostatic interactions play an important role with respect to the stabilization of nisin in solution. The pH dependence of the solubility does not clearly reflect the pK values of the titratable residues, i.e., the C-terminal carboxyl with a pK of 3 to 4 and the histidine residues with a pK of 6.5 (23) . Apparently, the pH dependence of the solubility of nisin A is not governed solely by the titratable amino acid residues.
The present results show that in the acid and neutral pH range at moderate ionic strength, the solubility of nisin A is at least 3 to 4 orders of magnitude higher than its MIC values towards different target organisms. However, at high ionic strength and neutral pH (and above), the solubility could approach the dose required for some applications, such as the brining of cheeses. In these cases, the solubility could well be a limiting factor with respect to practical applications.
Solubility of nisin A, nisin Z, N27K nisin Z, and H31K nisin Z. The solubilities of nisin A, nisin Z, N27K nisin Z, and H31K nisin Z as a function of pH at 0.15 M NaCl were compared (Fig. 3) . The two mutant nisin Z species could be studied only in a relatively narrow pH range because of a limitation in the amount of material available. Below pH 5.0, nisin Z has a lower solubility than nisin A because of the His to Asn mutation at position 27 which reduces the charge of the molecule at low pH. Above pH 5.0, the solubility of nisin Z is slightly higher than that of nisin A, probably because of the more-polar character of the Asn residue compared with that of a deprotonated His residue. In the neutral pH region, the two nisin Z mutants containing an additional lysine residue show a significantly increased solubility as compared with that of nisin Z. In N27K nisin Z, an additional positive charge is introduced. In the case of H31K nisin Z, the pK of the titratable group at position 31 is increased considerably. Both mutations have a marked effect on the solubility. At pH 7, a fourfold-higher solubility is observed for N27K nisin Z than for nisin Z. H31K nisin Z is even more soluble than N27K nisin Z, because its solubility increases by a factor of seven relative to that of nisin Z.
Chemical stability of nisin A. The use of nisin as a preservative in foods poses specific demands with respect to chemical stability. A primary condition is that nisin should survive heat treatments applied in food processing. Second, a reasonably long-term stability is required in the case of application in products with a long shelf-life. It is known that nisin is not stable at high pH (10, 17) . The main reason for this instability is the reactivity of the unsaturated amino acids which can undergo a variety of addition reactions at alkaline pH (8) . It has been reported that nisin, when applied in certain food products, shows a slow loss of activity during storage (3, 4) , indicating that in the neutral-to-acid pH region as well, the long-term stability of nisin is limited. We have studied the chemical stability of nisin A at 20, 37, and 75ЊC in the pH range of 2 to 8. Nisin solutions were incubated at different pH values, and the RP-HPLC patterns were monitored as a function of time. After a major decrease in nisin content, as judged from HPLC or at the end of the incubation period, the biological activity towards M. flavus was determined in an agar diffusion assay. Figure 4 shows the decrease in nisin A content as determined from HPLC as a function of time and pH at 20 and 37ЊC. In Fig. 5 , the stabilities of nisin A and nisin Z at 75ЊC are compared. In all experiments, a reasonable correlation between the decrease in nisin content derived from HPLC and the decrease in biological activity towards M. flavus was observed. A typical example is shown in Fig. 6 . The consistently higher biological activity relative to the amount of intact nisin as measured by RP-HPLC could be explained by the fact that some degradation products, e.g., nisin A(1-32), retain full or slightly reduced biological activity (2, 20) .
At room temperature, nisin A is relatively stable in the pH range of 2 to 6. In this pH range, only a moderate effect of pH on the chemical stability is observed. A sharp decrease in stability is observed at pH 7 and 8. At 37 and 75ЊC, a moredistinct pH dependence is observed. The highest stability is observed at pH 3.0. At pH values both lower and higher than 3.0, the chemical stability is reduced. In the neutral pH region and at an elevated pH, a much lower stability is observed than that at low pH values. At 75ЊC, nisin Z shows a chemical stability very similar to that of nisin A. The results indicate that nisin has, especially at low pH, a good short-term stability, i.e., sufficient to survive most heat treatments applied in food processing. On the other hand, it becomes clear that the long-term chemical stability of nisin, particularly at elevated temperatures, is limited. The latter observation could be of significance with respect to application of nisin in food products with a long shelf-life. Little is known about the mechanism of nisin degradation at moderate pH values. The HPLC results show complex patterns, which are pH dependent. This indicates that the degradation mechanism is complex and that many degradation products can be formed. It should be realized that the data presented here apply to nisin in an aqueous buffered solution, giving information on the intrinsic stability of nisin. When nisin is applied in different food products, its stability could be influenced by the matrix of the product as such and/or by components which interact with nisin. Chemical stability of Dha5Dhb nisin Z. Since the integrity of the relatively labile Dha5 is essential for the biological activity of nisin and since all nisin degradation products characterized to date contain an intact Dhb residue at position 2 (2, 20) , a mutant of nisin Z in which Dha5 was replaced by a Dhb residue was designed. This mutant was expected to be more stable than nisin Z.
From studies of nisin degradation products, it is known that Dha residues can undergo an acid-catalyzed addition of a water molecule to the double bond, resulting in the formation of an ␣-OH-Ala residue (8, 20) . This product is not stable and is converted to the corresponding amide and keto acid. This conversion can be realized in a controlled way by freeze-drying with 0.1 M HCl. Figure 7 shows the effect of repeated freezedrying on the RP-HPLC pattern of Dha5Dhb nisin Z and nisin Z. In the case of the mutant, the number of degradation prod- ucts formed is limited. In the case of nisin Z, a more-extensive degradation is observed. The changes in the RP-HPLC pattern of Dha5Dhb nisin Z as a function of the number of freezedrying cycles showed that first two intermediate species with a retention time slightly shorter than that of the parent species are formed (Fig. 7, peaks a and b) . Subsequently, these components are both converted to a stable component with a longer retention time than that of the starting material (Fig. 7 , peak c). Components a, b, and c were isolated by preparative RP-HPLC and characterized by 2D-NMR. Components a and b appeared to be [␣-OH-Ala-33, Dhb5]nisin Z. Component c was identified as Dha5Dhb nisin Z(1-32). Figure 8 shows the low-field part of the 1 H NMR spectra of the different components. Apart from the backbone amide resonances, the spectrum of Dha5Dhb nisin Z shows a number of characteristic resonances from the unsaturated amino acids, from His-31, and from the two Asn residues. The spectra of components a and b lack the vinyl resonance of Dha33 at 5.73 ppm, and the resonance of the amide proton of ␣-OH-Ala-33 is seen as a singlet at 8.99 ppm. In the spectrum of component c, the latter resonance has disappeared and two new resonances of the C-terminal amide of Val-32 are observed at 7.10 and 7.71 ppm. The structural difference between components a and b could not be resolved. The 2D-NMR spectra were very similar; only differences in chemical shift for the residues close to position 33 were observed, indicating that these two components have similar primary structures. A possible interpretation could be that these two components represent the two stereochemical isomers of the ␣-OH-Ala residue at position 33. From Fig. 7 , it can be seen that freeze-drying repeated three times results in a considerable degradation of nisin Z, whereas Dha5Dhb nisin Z is converted to Dha5Dhb nisin Z(1-32) by degradation only at Dha33 near the C terminus. In the case of nisin Z, a nearly complete loss of activity was observed. In the case of Dha5Dhb nisin Z, the decrease in activity was negligible. This is in accordance with observations that degradation of Dha33 does not lead to loss of biological activity (2, 20) . Figure 9 shows a comparison of the chemical stabilities of nisin Z and Dha5Dhb nisin Z(1-32) by measuring the remaining antimicrobial activity at 75ЊC and different pH values. At pH 1, Dha5Dhb nisin Z(1-32) is considerably more stable than nisin Z. In the pH range of 2 to 6, however, both species show similar stabilities. The large difference in stability observed in the case of freeze- drying, which is a reflection of stability at a pH of Ͻ2, is not observed in the pH range of 2 to 6. This indicates that Dha5 plays a major role in the inactivation of nisin at low pH but also that other processes can contribute significantly to the degradation process.
Conclusions.
The results of the present study provide information on the solubility and chemical stability of nisins A and Z in a broad range of experimental conditions. The solubility of nisin is strongly dependent on pH and ionic strength. The highest solubility is observed at low pH and low ionic strength. The chemical stability of nisin at room temperature shows little pH dependence in the pH range of 2 to 6. At 37 and 75ЊC, optimal stability is observed at pH 3. Solubility and stability of nisin Z can be significantly improved by protein engineering, while the antimicrobial activity and spectrum remain similar. Introduction of lysine residues in nisin Z improves the solubility at neutral pH. Replacement of Dha5 by Dhb improves the resistance to acid-catalyzed addition of water to the double bond of this residue. In the present paper, the enhancement of solubility and chemical stability is demonstrated in different mutants. Combination of mutations in one variant could very well lead to a species with both improved solubility and stability.
